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ORIGINAL ARTICLE 

Disruption of Abil/Hssh3bpl expression induces prostatic 
intraepithelial neoplasia in the conditional Abil/Hssh3bpl 
KO mice 

X Xiong^'^ A Chorzalska^'^ PM Dubielecka^'^ JR White^ Y Vedvyas\ CV Hedvat^ A Haimovitz-Friedman^ JA Koutcher^ 
J Reimand^ GD Bader^ JA Sawicki^ and L Kotula^ 

Prostate cancer is one of the leading causes of cancer-related deaths in the United States and a leading diagnosed non-skin cancer 
in American men. Genetic mutations underlying prostate tumorigenesis include alterations of tumor suppressor genes. We tested 
the tumor suppressor hypothesis for ABII/hSSHSBPI by searching for gene mutations in primary prostate tumors from patients, and 
by analyzing the consequences of prostate-specific disruption of the mouse Abi1/Hssh3bp1 ortholog. We sequenced the ABU/ 
hSSHSBPl gene and identified recurring mutations in 6 out of 35 prostate tumors. Moreover, complementation and anchorage- 
independent growth, proliferation, cellular adhesion and xenograft assays using the LNCaP cell line, which contains a loss-of- 
function Abil mutation, and a stably expressed wild-type or mutated ABI gene, were consistent with the tumor suppressor 
hypothesis. To test the hypothesis further, we disrupted the gene in the mouse prostate by breeding the Abil floxed strain with the 
probasin promoter-driven Cre recombinase strain. Histopathological evaluation of mice indicated development of prostatic 
intraepithelial neoplasia (PIN) in Abi1/Hssh3bp1 knockout mouse as early as the eighth month, but no progression beyond PIN was 
observed in mice as old as 12 months. Observed decreased levels of E-cadherin, p-catenin and WAVE2 in mouse prostate suggest 
abnormal cellular adhesion as the mechanism underlying PIN development owing to Abil disruption. Analysis of syngeneic cell 
lines point to the possibility that upregulation of phospho-Akt underlies the enhanced cellular proliferation phenotype of cells 
lacking Abil. This study provides proof-of-concept for the hypothesis that Abil downregulation has a role in the development 
of prostate cancer. 
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INTRODUCTION 

Multiple genes are now known to be involved in prostate 
tumorigenesis. Evidence for a role of the ABIl/SSHSBPl gene 
(henceforth referred to as ABIl) in human cancer, including 
prostate cancer, is growing. Alterations of ABIl and/or its 
expression have been found in cancer cells originating from 
diverse human tissues in which Abil was proposed to have either 
tumor suppressor or oncogenic function depending on tissue 
origin. For example, progression of leukemia in an experimental 
setting appears to require the presence of Abil, indicating its 
potential oncogenic function.^ Breast cancer cell lines show 
altered ABIl expression, and an increase in Abil expression has 
been suggested to be a progression marker in breast cancer 
patients.^ In contrast, in gastric^ and prostate^ cancers, ABIl 
expression is downregulated, suggesting its tumor suppressor 
function in these tissues. 



Cytological studies lend further support to assigning a tumor 
suppression function to ABIl in the prostate. Location of the ABIl 
gene to 10p11.2,^ a region of chromosome lOp often involved in 
loss of heterozygosity in prostate cancer, led to subsequent 
studies demonstrating that loss of ABIl expression is associated 
with lOp loss.^ Moreover, the prostate tumor cell line, LNCaP, 
contains an exon 6-skipping mutation in ABIlf^ We further 
established that, as a result of the loss of phosphotyrosine 213 
in exon 6, the Abil -binding site to SH2 domains of Abl kinase^ and 
the p85 regulatory subunit of PI3 kinase^ were inactivated. These 
findings linked Abil to PI-3 kinase function, which is the key 
pathway dysregulated in prostate cancer.^ 

Abil is the key component of the WAVE2 complex upstream of 
Arp2/3-dependent actin polymerization.^"^^ WAVE complexes 
have important roles in a variety of cellular processes, including 
protrusion formation during cell migration, and the formation of 
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adherens junctions, indicating the critical innportance of Abil for 
cell-to-cell adhesion.^ ^'^"^ Moreover, loss of the WAVE2 connplex 
connponent, CYFIP, is found in a variety of epithelial tunnors, 
including the prostate, thus suggesting involvennent of 
dysregulated cellular adhesion as a possible nnechanisnn.^^ 
Genetic inactivation of ABIl leads to downregulation of WAVE1 
and WAVE2 and its connplex connponents, which cannot be 
connpensated by the upregulation of Abi2 levels. The latter 
apparently coincides with enhanced levels of WAVES." Increased 
levels of WAVE1 and WAVES have been linked to invasive 
prostate cancer in patients,^ ^'^^ indicating the innportance of 
understanding the role of WAVE connplexes in hunnan pathology. 

Further study of Abil 's tunnor suppressive function is warranted 
given its association with WAVE connplexes and the opportunity 
for the developnnent of new Abil -based therapeutics for the 
treatnnent of prostate cancer. Here, we identify the presence of 
inactivating ABIl nnutations in archived prostate tunnor tissue, thus 
supporting the hypothesis that ABIl loss of heterozygosity has a 
role in hunnan prostate cancer. To further test this hypothesis, we 
conditionally disrupted ABIl in the nnouse prostate. Although 
Sonne changes could be qualified as hyperplasia, these nnice 
develop prostatic intraepithelial neoplasia (PIN), thus further 
supporting a tunnor suppressor role for Abil in prostate cancer. 



RESULTS 

Exonne sequencing identifies nnutations in ABIl locus 
Genonnic DNA was obtained fronn nnatched (adjacent tissue) 
nornnal and prostate tunnor-containing tissue nnicroarray sannples. 
Sequencing effort concentrated on analysis of the coding 
sequence of ABIl. ABIl exon-containing fragnnents, obtained by 
PGR annplification using nested prinners derived fronn flanking 
introns (Table 1), were sequenced. For each annplified ABIl 
fragnnent, sequence infornnation was obtained by direct sequen- 
cing of PGR fragnnents and by sequencing subclones of the 
fragnnents (Figure 1 and Table 2). We also exannined 12 archival 
cases of nnatched tunnor prostate tissue and nornnal lynnph node 
biopsies. In this group, ABIl nnutations were found in prostate 
tissue, but no DNA changes were found in the lynnph biopsies, 
thus suggesting existence of sonnatic ABIl nnutations in prostate 
cancer. Here, we report 6 recurring ABIl nnutations in the S5 ABIl 
genes we sequenced. 

Type and location of ABIl nnutations 

Three types of recurring nnutations were found: point nnutations, 
that is, single-nucleotide deletions or substitutions, and an exonic 
deletion owing to intronic nnutations. The two cases of intronic 



nnutations (PT6 and PT7) shared the sanne 5'-breakpoint nnutation 
site but different S'-site, but both nnutations led to in-franne exon 
10 deletions (Figure lb). Deletion of the nucleotide base 'G' 
following glycine SSI (GSS1#) was identified in two tunnors, PT25 
and PT26. The alanine to serine (AS6SS) or to aspartic acid (AS6SD) 
substitution were found in sannples PT21 and nnPT2; both 
nnutations are due to single-nucleotide substitutions. All above 
nnutations were only present in the tunnor tissues. DNA 
chronnatogranns of detected nnutations are presented in Figure lb. 

Gonsequence of ABIl nnutations 

Protein truncation. The deletion following GSS1 leads to a 
prennature stop codon. This will result in a truncated protein 
lacking the Abil SHS donnain (Table 2). The SHS donnain is critical 
for interactions with several actin cytoskeleton regulatory proteins 
such as N-WASP^^ and nnDia.^"^ Abil SHS donnain is also a nnajor 
site for the interaction with c-AbI tyrosine kinase and this 
interaction was proposed to regulate Abl tyrosine kinase and 
cell growth negatively.^ ^ Moreover, the prostate tunnor cell line 
LNGaP carries a nnutation in another Abil interaction site for c-AbI, 
nannely deletion of exon 6,^ which contains tyrosine 21 S 
responsible for high-affinity interaction with Abl SH2 donnain 
and for regulation of Abl kinase activity.^ Hence, nnutations 
leading to the Abil -lacking SHS donnain or tyrosine 21 S raise the 
possibility of abnornnal Abl kinase activity in prostate cancer cases. 

A363D and A3635 substitutions. It rennains to be established 
whether these nnutations lead to functional changes in the protein 
owing to gain of a potential serine phosphorylation site or owing 
to the occurrence of phosphorylation nninnicking aspartic residue. 
Abil is known to be phosphorylated on serine residues and the 
pattern of serine phosphorylation has been proposed to be critical 
for WAVE connplex activation downstreann fronn Erk kinase.^° 

Exon 10 deletions. Deletion of exon 10, identified in two cases, 
would lead to the lack of expression of Abil isofornns that contain 
exon 10, that is, isofornns 1, 2 and 4.^ The presence of exon 10 in 
an Abil isofornn nnodulates the Raci -binding affinity to WAVE2 
complexes.^^ 

Expression of Abil inhibits cell growth and proliferation of LNGaP 
cells in vitro and in a xenograft nnodel 

To test the Abil tunnor suppressor hypothesis, we perfornned 
connplennentation assays. For this purpose, we used the relevant 
hunnan prostate cell line LNGaP, which exhibits low levels of 
Abil expression^^ owing to the heterozygous exon 6-skipping 
nnutation.^ We evaluated cell growth, anchorage-independent cell 



Table 1. List of primers 


ABIl exon no. 


5' Primer^ 


3' Primer^ 


Exon 1 
Exon 1-seq 
Exon 2 
Exon 3 
Exon 4 
Exon 5 
Exon 6 
Exon 7 
Exon 8 
Exon 9 
Exon 10 
Exon 11 
Exon 12 


5'-gggctggagagagtgaggaggaagggga-3' 

5'-agagagtgaggaggaaggggaggaggtg-3' 

5'-agtggcccctttagtggatgagcta-3' 

5'-cctaaatatggtccagtgtatatgg-3' 

5'-ttctttacaaagtagttgaaacatggctgg-3' 

5'-aaataataggaagaccaagtgcaag-3' 

5'-ttactcagcacctccataggagt-3' 

5'-ctaatttatttcagccttccacaataaag-3' 

5'-ctttcttgctgtttcaaaatgttgag-3' 

5'-ctgctttgttctgccatctaaggtg-3' 

5'-gttctttgcatacttatgtttgtgg-3' 

5'-ggattagatgttctttatagttc-3' 

5'-attttggatatagtgcactcatgtg-3' 


5'-tggtcactccggcgggtcct-3' 

5'-gggctggtcactccggcgggtcct-3' 

5' -ca tg ca g g eta ttta cttctttg g c-3 ' 

5'-aattataatgccagctgctaaagag-3' 

5'-ttaacacagccaagctaaatgttgc-3' 

5'-tggatcccatacacttacttaagtc-3' 

5'-aaatcctggtatacatggtcaca-3' 

5'-gtttttttttaaatatgtctctagaattg-3' 

5'-agaagcctttcaccagaagttagtg-3' 

5'-tgtctatcactggcaagaataacag-3' 

5'-ggtcagtggccatgcacacaaagag-3' 

5'-gttaacttataagtttccatcta-3' 

5'-gcataatcagttatggacagcttct-3' 


^Primers for PGR amplification of ABIl gene exonic regions were derived from intronic sequences located 5' to (5' primer) or 3' to (3' primer) the indicated ABIl 
exon. The same primers were used for sequencing, except for Exon 1, where Exon 1-seq primers were used. 
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LNCaP 
AEx6 



G331# 



A363S 
A363D 
AExtO-1 
AExlO-2 



Exon 1 



Exon 2 



Exon 3 



Exon 5 



Exon 6 



Exon 7 



Exon S 



Exon 9 



Exon 10 



Exon 1 1 



Exon 12 



ATG 



39 



95 



154 159 



192 



WAVE-BD 



HHR 



T-Snare 



Abf-SH3-SH2 



PXXP-rich 
P85-SH2 



239 



273 



300 



359 



383 



450 



508 



Ser-rich 



PXXP- and Pro-rich 



Spectrin-SH3 
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Sequence chromatograms demonstrating Abii gene mutations 
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Figure 1. Identification of Abii nnutations in prinnary prostate tissue, (a) Diagrann of ABIl/SSHSBPl gene with identified prostate tunnor 
nnutations. Boxes indicate coding region of consecutive exons (1-12 as indicated) of ABII /SSH3BP1 gene with exonic nnutation listed above 
boxes. Deletions enconnpassing entire exons (exon 6 and exon 10) are indicated by lines. Nunnbers below boxes depict the last annino acid 
encoded by the specific exon or encoded by a shared codon fronn two consecutive exons. Lines with arrows indicate approxinnate locations of 
Abi1/Hssh3bp1 structural donnains and identified binding regions for listed proteins or their donnains. WAVE-BD, WAVE donnain-binding 
region;^°'^^ HHR, honneo-donnain honnologous region; Abl-SH3-SH2, c-AbI kinase SH3-SH2 domain-binding region^ PXXP-, Ser- or Pro-rich, 
sequences rich in SH3 donnain-binding consensus PXXP, serine or proline residues, respectively; SH3, Src honnology 3 donnain. Indicated 
binding sites for: Spectrin-SH3, Spectrin Src Honnology 3 donnain; Eps8-SH3, Eps8 Src Honnology 3 donnain; p85, p85 regulatory subunit of 
phosphoinositide-3 kinase; p85-SH2, p85-Src Honnology 2 donnain; Abl-PRL, c-AbI kinase proline-rich region, N-WASP and mDiaLNCaP Aex6, 
indicates exon 6 deletion;^ ATG, start codon. (b) DNA sequence chronnatogranns dennonstrating recurring ABII nnutations. Chronnatogranns 
fronn tunnor tissue and tissue adjacent to tunnor or archived lynnph node biopsy are shown. The text above chronnatogranns indicates location 
and prinnary consequence of nnutations. Left panel dennonstrates A363S and A363D nnutations; nniddle panel, deletion following codon G331 
(#G331); right panel dennonstrates connplete deletion of exon 10. 



growth and proliferation of stably transfected LNCaP cells that 
expressed Abii (Figures 2a-c). Abii expression inhibited cell 
growth (Figure 2a) and proliferation (Figure 2b) in connparison 
with the nnock-transfected cell line. By analyzing the function of a 
prostate tunnor nnutant fornn of Abii -lacking exon 10, Abii AExlO, 
we deternnined that the nnutant failed to inhibit cell proliferation 
(Figure 2b) or to pronnote cell-to-cell adhesion in cell aggregation 
assays (Figure 2c). 

We have also connpared anchorage-independent growth of 
LNCaP cells expressing wild-type (wt) Abii vs cells expressing 
Abi1-A363S nnutant using soft agar colony fornnation assay. LNCaP 
Abii wt cells fornned lower nunnber of colonies in connparison with 



the nnock-transfected control cells. In contrast, expression of Abii 
A363S nnutation failed to suppress colony fornnation (Figure 2d). 
In addition, growth of xenograft tunnors derived fronn Abil- 
transfected LNCaP cells was significantly lower (P<0.05) than 
tunnors derived fronn nnock-transfected cells (Figure 2e). These 
results support the tunnor suppressor function of Abii. 



Disruption of Abii expression leads to PIN in nnice 
To address the tunnor suppressor hypothesis in vivo, we used a 
conditional Abii knockout (KO) nnouse recently generated in our 
laboratory." Prostate-specific disruption of Abii expression was 
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Table 2. ABI1 mutations in primary prostate tumors 



Case no. 


Location 


Nucleotide change 


Type of mutation 


Amino-acid change 


Functional outcome 


Tumor 
grade/stage 


PT25 


Exon 9 


tctg(g/ - )tgga 


Deletion 


G331# 


Premature stop codon/lack of 
SH3 domain 


7/2 


PT26 




tctg(g/ - )tgga 




G331# 




9/3 


PT21 


Exon 10 


tatt(g^T)ctcc 


Missense 


A363S 


Unknown/gain of phosphorylation 
site (pS)? 


8/2 


mPT2 




attg(c^A)tcca 




A363D 




7/3 


mPT6 


Exon 10 


ctga(cttc.del.ctga)gcta 


Deletion 


In-frame loss of 
exon 10 


Loss of exon 10 function 


9/3 


mPT7 




ctga(cttc.del.ctga)aact 








7/2 



(x/-) indicates deletion of 'x' residue; (x^X) indicates point mutation; and (xxxx.de Lxxxx) indicates intronic boundary of exon 10 deletions. PT, microarray 
cases; mPT, indicates additional samples; and case-matched normal lymph node biopsy did not show these mutations. The last column contains Gleason/TNM 
score. 



obtained by breeding Abil floxed nnouse strain (Abil fl/fl) with the 
probasin pronnoter-driven Cre strain (PbCre4). PbCre ( + ) nnice 
heterozygous for the Abil floxed allele (Abil (fl/ + )) were bred 
together to generate PbCre ( + ) Abil (fl/fl) honnozygotes. Cre- 
nnediated reconnbination was confirnned in anterior and dorsal 
prostate lobes of 24-week-old aninnals (Figure 3a). 

Male nnice of specific genotypes and specified ages were 
evaluated for the presence of prinnary tunnorigenic changes in the 
prostate and presence of nnetastatic growth in other tissues. 
Histopathological evaluation indicated no changes at 4 nnonths 
but showed the presence of tunnorigenic changes at 8 nnonths 
(Figure 3b). These changes appeared in the fornn of nnouse PIN 
(nnPIN) (Bar Harbor Classification),^^ although sonne changes could 
be classified as hyperplasia or atypical PIN (see also below). 
Changes were present only in dorsal and/or anterior prostates in 
nnice honnozygous for Abil floxed alleles with Cre expression (Abil 
(fl/fl) PbCre ( + )) at 8 nnonths (Figure 3b). We also observed PIN- 
like changes in two nnice with (Abil (fl/fl) PbCre ( — )), but not in 
the control strain at 8 nnonths. Subsequent observations of (Abil 
(fl/fl) PbCre ( + )) nnice indicated no progression beyond hyper- 
plasia/nnPIN (that is, no invasive cancer or nnetastatic changes 
were observed at 10 and 12 nnonths). Representative innages 
(HE staining) fronn Abil KO nnouse prostate tissue are shown in 
Figure 4A. 

Characteristic features of histopathological changes in Abil KO 
prostate 

Initial changes in the prostate of 8-nnonth-old nnice were subtle 
and characterized by nuclear changes that occurred within a few 
scattered cells (Figure 4B). Subsequently, a few glands dennon- 
strated nuclear atypia (karyonnegaly, pronninent nucleoli and 
hyperchronnatic nuclei), with or without cytonnegaly (Figure 4B). 
However, in nnany areas nuclei rennained snnall, round, regular and 
honnogeneous, with low N/C ratio, which could be qualified as 
hyperplasia or atypical PIN. More pronounced changes affecting 
lunninal cells in all prostate glands included a piling up of epithelial 
cells (into two or nnore layers) and a thickening of acinar folds 
(Figure 4). 

Disruption of Abil expression leads to downregulation of WAVE2 
connplex and cellular adhesion proteins 

Previous studies suggested a role for Abil in cell-to-cell 
adhesion^^ involving the WAVE2 connplex.^ ^ Western blot 
exannination of the prostate tissue fronn nnice with Cre 
expression dennonstrated a decreased annount of Abil, as 
expected, as well as decreased announts of WAVE2 and Napl, 
which, like Abil, are connponents of the WAVE2 connplex 



(Figure 5a). Enhanced Abi2 expression was observed in prostate 
tissue lacking Abil, while E-cadherin and (3-catenin expression was 
decreased (Figure 5a). Innnnunohistochennistry confirnned upregu- 
lation of Abi2 in nnPIN regions (Figure 5b, upper panel), and 
conconnitant upregulation of cellular proliferation as indicated by 
Ki67 staining in these regions (Figure 5b, nniddle panel). Moreover, 
the phospho-Akt signal accunnulated in PIN lesions (Figure 5b, 
lower panel). Hence, disruption of Abil in the prostate leads to 
enhanced cellular proliferation and downregulation of cellular 
adhesion nnarkers. 

To derive a nnechanistic explanation for the enhanced cellular 
proliferation downstreann fronn phospho-Akt, we exannined the 
response to epidernnal growth factor treatnnent of syngeneic Abil 
KO nnouse ennbryonic fibroblast (MEF) cell lines." Cells lacking 
Abil showed significant upregulation of phospho-Akt S473, 
although the response of two independent Abil KO clones 
dennonstrated different dynannics (Figures 6a and b). However, 
both clones exhibited enhanced colony fornnation (Figures 6c 
and d), thus dennonstrating the enhanced proliferation phenotype. 



DISCUSSION 

We tested the hypothesis that ABll acts as tunnor suppressor gene 
Identification of nnutations in prinnary prostate tunnors fronn 
patients, inhibition of cell growth and proliferation of LNCaP cells 
in vitro, inhibition of growth in soft agar assay and inhibition of 
tunnor fornnation in a xenograft assay all support the hypothesis 
that Abil acts as a tunnor suppressor. Most innportantly, 
recapitulation of histopathological changes in nnice upon disrup- 
tion of ABI1 renniniscent of PIN provides proof-of-concept 
evidence for the tunnor suppressor function of the gene in the 
prostate. Given the results of this study, further analysis of the role 
of ABIl in other cancers is warranted. 



ABIl nnutations exist in prinnary prostate tunnors, but the frequency 
of these nnutations rennains to be established 

We identified three recurring nnutation sites in Abil gene, the 
point deletion in exon 9, single-nucleotide residue-nnissense 
substitutions leading to A363S or A363D replacennent, and two 
exon 10 deletions owing to intronic nnutations. Intronic Abil 
nnutations were previously identified in prostate tunnors.^^'^"^ More 
intronic Abil gene nnutations are reported in the nnelanonna, 
liver and lung cancer (http://dcc.icgc.org/nnartreport/?report= 
report&nnart=gene_report&ensennbLgene_id=ENSG000001 36754). 
Previously, Abil nnissense nnutations were reported in 
glioblastonna (D433N substitution)^^ and for head and neck 
cancer (A105T substitution).^^ Further studies are needed to 
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Figure 2. Expression of Abil in LNCaP cell line inhibits cellular growth, anchorage-independent growth and proliferation in vitro and in 
xenograft nnodel. (a) Inhibition of cell growth, and (b) cell proliferation of LNCAP cells expressing Abil. LNCaP cells transfected with Abil 
proliferate slower than nnock-transfected cells. Cell proliferation was evaluated by 5-bromo-2-deoxyuridine incorporation as described in 
Materials and nnethods. The data indicate that the percentage of cells in S phase was significantly lower annong cells transfected with Abil 
isofornn 2 (Abil) than annong cells transfected with isofornn 2-lacking exon 10 (Abil AExlO), or nnock transfected, (P< 0.001, j^). (c) Expression 
of Abil but not the nnutant Abil AExlO pronnotes cell-to-cell adhesion. Cell aggregation assay was perfornned as described in Materials and 
nnethods. Left panel, quantification of cell-to-cell contacts; ***P<0.001, n = 3. Right panel, representative innages fronn indicated cell lines: cells 
with three or nnore contacts are indicated by asterisks, (d) Abil nnutant A363S does not inhibit colony fornnation as well as wt Abil . LNCaP cell 
lines expressing Abil or Abil containing a known prostate cancer nnutation in exon 10 (A363S) were plated in soft agar and evaluated for 
colony growth 4 weeks later. Nunnbers of colonies over a defined size (>0.5cnn in innages taken fronn agar plates) were scored positive and 
counted per region of interest (ROI), n = 3. A363S cell line showed enhanced growth vs the Abil isofornn 2 expressing cell line, **P<0.01; 
*P<0.05. (e) Abil inhibits of tunnor growth in LNCaP xenograft assay. Growth of tunnors was nnonitored by prostate-specific antigen (PSA) as 
described in Materials and nnethods.^^ Expression of Abil inhibits secretion of serunn PSA. Sonne aninnals did not develop tunnors hence no 
secretion of PSA was observed. Abil, Abil isofornn 2 expressing cell line; nnock, cell line expressing ennpty plasnnid. Connparison between the 
cell lines indicates statistical significance between the groups (n = 0.0374, two-way analysis of variance). 



determine frequency oi Abil gene mutations in prostate and other 
types of human cancer. 

Abil exon 10 carries a tumor suppressor function 
Abil mutations involving exon 10 failed to reconstitute its tumor 
suppressor function in LNCaP cells with respect to cellular 
proliferation. Exon 10 probably has an important role in cell-to- 
cell adhesion, as the mutant lacking Abil exon 10 did not promote 
cell-to-cell contacts in cell aggregation assays. Interestingly, 
exon 10 is naturally lacking from the alternatively spliced Abil 
isoform 3.^ Modeling of Abil isoform function in LNCaP cells 



indicates that overexpression of isoform 3 leads to enhanced 
macropinocytosis, enhanced cell spreading and higher active Raci 
levels (active Raci also binds to exon 10),^^ which are all features 
of enhanced tumorigenicity. These data support the hypothesis 
that Abil exon 10 mutations leading to expression of an isoform 3 
mimetic result in a tumorigenic phenotype. 



The Abil KO mouse has several characteristics, which make it a 
desirable model of prostate cancer 

For example, nuclear atypia occurs very early in the development 
of lesions, either slightly before or at the same time as cellular 
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Figure 3. The onset of histopathological changes in Abil KO mice at 8 months, (a) Confirmation of Abil gene disruption in mouse prostate. 
DNA was isolated from Abil (fl/fl) mouse prostates (anterior and dorsal lobes) positive for the Cre recombinase-expressing allele ( + ) or with no 
Cre presence (-), as shown in the indicated genotypes. PGR using nested primers encompassing the recombined DNA region was carried out 
as described in Materials and methods. Positive bands were detected only in samples with Cre expression. As controls-immortalized Abl floxed 
MEF cells were used, parental, that is, of the genotype Abil (fl/fl) or upon Cre-mediated disruption of ABU gene (clone names above the panel). 
The fidelity of the Cre-mediated recombination was confirmed by DNA sequencing of PCR fragments, (b) The earliest time of observation for 
mPIN in mice-lacking Abil, that is, of the genotype Abi1(fl/fl);PBCre( + ), is 8 months. Comparison of changes noted in the anterior and dorsal 
lobes of 8-month-old Abil (fl/fl);PBCre( + ) mice vs age-matched Cre (-) and background control strain mice. Abi1(fl/fl);PBCre( + ) mice feature 
hyperplasia/mPIN changes, with multiple glands lined by crowded epithelial cells, as well as disorderly piling up of cells in the more severely 
affected areas. Atypical nuclear changes (best visualized in the inserts), including karyomegaly and hyperchromasia, are also present in many 
glands. Glands from both the Cre (-) and control strain mice are unremarkable. Number of mice evaluated per genotype at 8 months, n>5. 



proliferation and atypical growth patterns occur, and without 
stromal proliferation (that is, lesions are consistent with neoplasia 
rather than benign prostatic hyperplasia). Although, some areas 
remain more consistent with hyperplastic lesions, because many 
nuclei remain small and homogenous, changes more reminiscent 
of mPIN do occur with advancing age, that is, at 8 months, thus 
mimicking the development of disease in humans. Although 
prostate pathology in Abil KO mice has not yet been shown to 
progress beyond hyperplasia/mPIN, this could occur in older mice 
(> 12 months of age), and evaluation of older mice is warranted. 



Molecular findings indicate that Abil KO prostate has 
dysregulated cell-to-cell adhesion through downregulation of 
WAVE2 complex 

Abil histopathological changes demonstrated alterations in 
several proteins critical for cell-to-cell adhesion, most importantly 
in the levels of E-cadherin and p-catenin. These changes occur 
most likely downstream from the WAVE2 complex, which is 
downregulated as a consequence of Abil loss, as these changes 



were also recently observed in Abil KO MEF cells." WAVE2 
complex has been demonstrated to be important for cellular 
adhesion in MDCK cells.^^ More recently, it was suggested that 
WAVE2 complex is important for the formation of initial, 'nascent' 
cell-to-cell contacts,^"^ rather than for maturation of cell-cell 
junctions.^ ^ Taken together, these observations suggest that 
dysregulation of cellular adhesion might explain the appearance 
of histopathological changes in Abil KO mice. Comprehensive 
understanding of this process is important from a clinical point 
of view as targeting cellular adhesion offers therapeutic 
opportunities in prostate cancer.^^ Abil KO mice provide a 
unique animal model for mechanistic studies to elucidate how 
dysregulated cellular adhesion leads to neoplastic changes. 



Abil KO mouse provides a model for WAVE complex 
dysregulation, which is implicated in human cancer 

The loss of another WAVE2 complex component, Sral/CYFIP, is 
found in a variety of primary epithelial tumors, including the 
prostate, thus providing further evidence that dysregulated 
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Figure 4. Disruption of ABU does not lead to invasive adenocarcinoma in up to 1 2-month-old nnice. (A) Sumnnary of observations at 4-12 months of 
mice lacking both Abil alleles, Abi1(fl/fl);PBCre( + ). (a-d) At 4 months of age, all prostatic lobes from the Abil KO mice appeared normal, (e-h) At 8 
months of age, the anterior (e) and dorsal (f) lobes of Abil KO mice featured multiple gland profiles lined by crowded cells, many of which had 
enlarged hyperchromatic nuclei. In several affected areas, cells were piled up in a disorderly fashion (consistent with PIN). Lateral (g) and ventral (h) 
lobes were unremarkable, (i-l) At 10 months of age, a few glands within the lateral (k) lobes are also affected. Ventral (I) lobes are virtually unaffected, 
(m-p) At 12 months of age, all lobes of Abil KO mice demonstrated some degree of hyperplasia/mPIN changes. These changes were most prominent 
in the anterior lobe (m), in which the epithelium in the region shown here demonstrated a high degree of cellular atypia. All panels represent 
hematoxylin and eosin staining (h and e). At least four mice were evaluated per each time point; all mice were positive for histopathological changes 
at 10 and 12 months. (B) Nuclear atypia in Abil KO prostate. Enlarged selected panels from (A) to indicate nuclear atypia (arrows). 
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Figure 5. Prostate tissue lacl<ing Abil exfiibit enfianced proliferation 
and loss of cellular adhesion markers downstreann of WAVE2 
complex downregulation. (a) Cells and prostate tissues lacking 
Abil exhibit downregulation of WAVE2 complex components but 
upregulation of Abi2 as indicated by western blotting analysis. 
Examination of WAVE2 complex integral proteins as indicated in 
Abil KO MEF cells (a); and in prostate tissue (b). Please note co- 
incidental downregulation of E-cadherin in prostate tissue and 
upregulation of Abi2 evident at 12 months in Abil KO MEF cells. 
Anterior prostates were analyzed at 10 and 12 months, ' - ' indicates 
absence of probasin Cre recombinase transgene and ' + ' indicates 
its presence in Abil floxed mice, (b) Enhanced cellular proliferation 
in prostate tissue lacking Abil correlates with enhanced Abi2 levels 
in prostate tissue. Top: immunostaining of Abil KO prostate tissues 
with Abi2 antibody. Staining with Abi2 antibody (P20, Santa Cruz 
Biotechnology) reveals striking upregulation of Abi2 levels in Abil 
KO lesions. Middle: enhanced proliferation as indicated by positive 
staining with Ki67. Bottom: immunostaining with phospho-Akt S473 
antibody indicating staining in the PIN lesion (circle). Right panels, 
prostate tissue from Abil lacking (Abil (fl/fl);PBCre( + )); left panels, 
prostate tissue from with Abil expression (Abil (fl/fl);PBCre( + )). 
Staining of tissue was performed as described in Materials and 
methods. 



cellular adhesion resulting from downregulation of WAVE complex 
has a role in prostate tumorigenesis.^^ Interestingly, Sral/CYFIPI 
downregulation was linked to increased invasion. As the WAVE 
complex has a role in cell-matrix adhesion in addition to cell-to- 
cell adhesion, a combination of the two is likely to be important 
for epithelial tissue integrity. Interestingly, we have seen no 
evidence thus far that the loss of Abil, affecting complexes 
important for cell-to-cell adhesion in the prostate tissue, leads to 
an invasive phenotype. 

Our previous results indicate that increased Abi2 protein could 
not compensate for Abil protein loss in WAVE1 or WAVE2 
complex integrity in MEF cells. Downregulation of WAVE2 and 
Napl subsequent to Abil inactivation is observed here in the 
prostate lacking Abil. These data are indicative of lower WAVE2 
complex integrity in Abil KO prostate. Interestingly, WAVES levels 
were increased in Abil KO MEF cells." Increased levels of 
WAVEV^ and WAVES^^ complex have been linked to invasive 
prostate cancer, indicating the importance of analyzing WAVE 
proteins in future studies involving the Abil KO mouse model. 

Loss of Abil leads to abnormal cell growth through dysregulation 
of the Akt pathway 

WAVE complex dysregulation coincides with enhanced cell 
proliferation as indicated by Ki67 in prostate tissue. Enhanced 
phospho-Akt levels might be the pathway responsible for the 
abnormal proliferation as indicated by syngeneic Abil KO cell 
results. This might occur through dysregulation of PIS kinase 
through an abnormal interaction with the p85 regulatory subunit.^ 
It is of note that LNCaP cells carry a mutation of the Abi1-p85-SH2 
C-terminal domain interaction site (Figure 1).^ Oncogenic 
mutations involving the p85 C-SH2 domain have been observed 
in mammalian cancer.^^ Murine lymphomas contain deletions of 
the C-terminal region comprising the entire C-terminal SH2 
domain;^^ human ovarian and colon cancer contain smaller 
deletions just upstream of the C-SH2 domain.^° Hence, 
tumorigenic processes favor negative selection of elements that 
are critical for cell growth regulation — as demonstrated here, the 
Abil gene being one of them. 

The Abil conditional mouse represents a model for studies of 
early changes in prostate cancer 

The Abil conditional KO mouse provides the first genetic model 
for evaluation of Abil and WAVE complex involvement in prostate 
tumorigenesis. Several other mouse models of prostatic adeno- 
carcinoma demonstrating PIN have been developed.^^"^^ 
Examples of the most relevant to the model presented here, 
that is, conditional models demonstrating PIN upon the target 
gene disruption, include NkxS.I,^"^ FliMP,^^ and p-catenin.^^ Single- 
copy disruption of PTEN also leads to PIN.^'' Studies using these 
models, as well as the Abil conditional KO model, add to the 
detailed knowledge about changes in cellular processes 
implicated in tumorigenesis. Nevertheless, it is apparent that 
single-gene inactivation in the mouse prostate does not fully 
recapitulate human disease, which evidently involves numerous 
genetic aberrations. In this regard, compound genetically altered 
mice in which two or more genes are conditionally inactivated in 
the prostate may better model prostate cancer progression. 



MATERIALS AND METHODS 

Prostate tissue 

Tissue microarrays were purchased from Telechem International, Inc. 
(Temecula, CA, USA). The microarray (A302) was constructed using 1.0-mm 
cores of prostate tumor tissue (arrayed in duplicate) and case-matched 
normal prostate tissue from 23 cases. The cases were annotated with 
tumor grade and stage. Cores of tumor and normal tissue were available 
from the same cases for DNA extraction. An additional 12 cases of archived 
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Figure 6. Enhanced activation of Akt and colony formation of cells lacking Abil. (a, b) MEF cells lacking Abil exhibit enhanced sensitivity to 
activation of phospho-Akt downstream from EGFR receptor. Cells were starved overnight and subsequently incubated with epidermal growth 
factor (lOng/ml) for indicated amounts of time, (a) Cell lysates were prepared as described in Materials and methods, and proteins were 
analyzed by western blotting with indicated antibodies, (b) Quantification of phospho-Akt S473 levels indicate significant increase of p-Akt 
S473 signal of the Abil KO clone #3-11 at 1 min and 5 min (P<0.01, two-way analysis of variance); clone #3-6 demonstrated enhanced 
response vs control #3 cell line at 1 min (P<0.05, f-test). (c, d) Disruption of Abil expression promotes colony formation in soft agar. Syngeneic 
MEF cells containing or lacking Abil were incubated in soft agar as indicated in Materials and methods, and total numbers of colonies were 
scored. Cell lines lacking the Abil gene exhibit enhanced colony formation (P<0.001, #3-6; and P<0.01, #3-11) vs control cell line #3 (c). 
Representative images of soft agar colonies from two independent experiments (d). #3 represents Abil floxed cell line; #3-6 and #3-11 
represent Abil KO cell lines. 



tissue of tumor prostate tissue and patient-matched normal lymph node 
were obtained and analyzed by DNA sequencing. 

DNA extraction and amplification 

Genomic DNA extraction protocol for formaldehyde-fixed-paraffin- 
embedded (FFPE) tissue was used (QiaAmp DNA Micro Kit, Cat. No. 
56304; Qiagen, Valencia, CA, USA) according to the manufacturer's 
instructions. DNA concentration was determined by PicoGreen fluores- 
cence assay (Cat. No. P7589; Molecular Probes; Eugene, OR, USA). Owing to 
low yield, DNA obtained from the FFPE samples was amplified using 



whole-genome amplification (WGA) kit (Cat. No. WGA5; Sigma-Aldrich, 
St Louis, MO, USA). The amplification was carried out according to the 
manufacturer's instructions using Jumpstart Taq polymerase (Cat. No. 
D9307; Sigma-Aldrich). Amplified DNA was purified using GeneElute PCR 
purification columns (Cat. No. NA1020; Qiagen) and final DNA concentra- 
tion was determined as above, or by spectrophotometry. 

PCR amplification of AB 11 gene exon-containing regions 
WGA-amplified genomic DNA obtained from FFPE was amplified by 
PCR in a final reaction volume of 50 containing 5 |il of 1 0 x HF 2 PCR 
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buffer, 5|il lOx HF 2 dNTP mix, 1 |il 50 x HF 2 polymerase and 2|il 
of extracted DNA (50-1 00 ng) and intron-specific ABI1 exon-flanking 
primers (Table 1). PCR was performed under conditions of an initial 
denaturation at 94 °C for 2min, 30-40 cycles consisted of denaturation 
(30 s at 94 °C), annealing (30 s at 51-58°C, depending on the primer) 
and elongation step (30 s at 72 °C), and a final extension step at 72 °C 
for 7 min. Reactions were performed in a Peltier Thermocycler-DYAD 
(Bio-Rad Laboratories, Hercules, CA, USA). Each PCR batch included a 
blank with no DNA. PCR products were visualized in ethidium bromide- 
stained 1% agarose gel and purified by QIAquick PCR purification kit 
(Cat. No. 28106; Qiagen), and sense and antisense sequences were 
obtained by using forward and reverse internal primers, respectively. 
Sequencing was performed in a ABI PRISIV13100 DNA Sequencer (Applied 
Biosystems, Foster City, CA, USA). All mutations were confirmed from two 
independent PCR amplifications and from transactivating subclones of 
PCR products (Cat. No. K4500-40; Invitrogen, Carlsbad, CA, USA). 
Comparative DNA sequence analysis was performed (Vector NTI Suite, 
Invitrogen) from tumor and adjacent tissues, and from normal lymph 
node tissues whenever available. 

Mouse breeding and histopathology 

All animal work was performed under the institutional lACUC-approved 
protocol. Abil floxed strain, Abi1(fl/fl), was generated in our laboratory, 
^^jj^tmi.2Lko 4950558" Prostate-specific deletion of Abil was 

obtained by breeding of Abil floxed strain (129S:C57BL/6 background) 
with the mouse strain expressing probasin promoter-driven Cre 
recombinase, B6.D2-Tg(Pbsn-Cre)4Prb (National Cancer Institute- 
Frederick; the Mouse Repository of the Mouse Models of Human Cancers 
Consortium). Upon genotyping (Transnetyx, Cordova, TN, USA), male mice 
were housed for observations under the designated time schedule. 
Dissection of prostates and histopathologic evaluation of prostate tissue 
was performed according to guidelines established for genetically 
engineered mice (Bar Harbor Classification).^^ The prostate from each 
mouse was dissected into individual lobes to ensure maximum 
visualization, and histopathologic analysis was performed on all lobes. 
Formalin-fixed, paraffin -em bedded 5-|im tissue sections were processed 
routinely and stained with hematoxylin and eosin. Each lobe was evaluated 
and scored for the degree of nuclear and cellular changes. 

Immunohistochemistry 

Paraffin sections were dewaxed in xylene and hydrated in graded 
alcohols. Endogenous peroxidase activity was blocked by immersing the 
slides in 1% hydrogen peroxide in phosphate-buffered saline for 15 min. 
Pre-treatment was performed in a pressure cooker using lOmivi citrate 
buffer, Ph 6.0. Tissue sections were incubated overnight with the 
following antibodies: Abi-2 (p-20, #sc-203327, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA, 1:250) and Ki67 (VP-K451, Vector Laboratories, 
Burlingame, CA, USA, 1:5000). Sections were washed with phosphate- 
buffered saline and incubated with the appropriate secondary antibodies 
followed by Avidin-Biotin complexes (Vector Laboratories). Antibody 
reaction was visualized with 3-3' diaminobenzidine (Sigma-Aldrich) and 
counterstained with hematoxylin. Tissue sections were dehydrated in 
graded alcohols, cleared in xylene and mounted. 

Prostate tissue protein extraction and western blot analysis 
Anterior prostates were separated from complete prostates at specified 
ages. Hundred microliter of lysis buffer per 2.5 mg of tissue was used. 
Samples were homogenized in B-PER-based lysis buffer (B-PER reagent 
(Pierce Biotechnology, Inc., Rockford, IL, USA), DNase I, protease inhibitor 
cocktail Set III ethylenediaminetetraacetic acid free, 1 mivi Na3V04, 1 mivi 
Na4P207 and lOmivi NaF) by pipetting up and down until homogenous, 
incubated at room temperature for 10 min, followed by 20 min on ice. 
Samples were centrifuged at lOOOOg, 4°C for 10 min. The protein 
concentration in supernatant was quantified by using a Precision Red 
Advanced Protein Assay Reagent (Cytoskeleton Inc., Denver, CO, USA). 
Proteins were separated on a western blotting system (Invitrogen) loading 
no more than ^5\xg of total protein per lane. 

Immunoblotting 

For evaluating protein levels, the following antibodies were used: Abil 
(clone 1B9, MBL International, Woburn, MA, USA); Abi2 (p-20, #sc-20327, 
Santa Cruz Biotechnology); E-Cadherin (Cat. No. 4065) and phospho-Akt 



S473 (Cat. No. #9271) (Cell Signaling Technology, Inc., Danvers, MA, USA); 
B-catenin (Cat. No. 610154, BD Biosciences, San Jose, CA, USA); Ki-67 (Cat. 
No. VP-K451, Vector Laboratories); WAVE2 (H-110, #sc-33548; #07-410, 
Santa Cruz Biotechnology; rabbit polyclonal (#1735) and NAP1 were kind 
gifts from Theresia Stradal)." Secondary horseradish peroxidase-labeled 
rabbit anti-goat IgG was from Thermo Fisher Scientific Inc., Waltham, MA, 
USA; goat anti-rabbit IgG was from Cell Signaling Technology and goat 
anti-mouse was from Jackson ImmunoResearch Laboratories, Inc., West 
Grove, PA, USA. Coomassie-stained gel, and immunoblotting with the 
antibody to actin or Raci (Cytoskeleton Inc.) were used as loading control 
in the experiments. Levels of phospho-Akt S473 in Abil KO cells lines 
following epidermal growth factor treatment (lOng/ml; Sigma-Aldrich) 
were quantified using ImageJ software (NIH ImageJ, software Version 
1.41 n). Abil KO cell lines, #3-6 and #3-11, and control floxed cell line #3 
were cultured as described." 

Growth, soft agar colony formation and proliferation assays 
LNCaP cells stably expressing Abil were described previously.^'^^ Abil 
A363S site-directed mutagenesis was performed in accordance to the 
manufacturer's instructions (Stratagene, La Jolla, CA, USA). Stable cell line 
was established as described previously.^'^^ Rates of cell growth (Abil 
isoform 2) were evaluated by counting the number of cells using BD 
FACSCanto Flow Cytometer and Flow-Count Fluorospheres Cat. No 
7547053-200 as standard (BD Biosciences). Cell proliferation was 
evaluated using a FITC BrdU Flow Assay, BD Biosciences-Pharmingen, 
San Diego, CA, USA, BrdU Flow Kit (Cat. No.559619), according to the 
manufacturer's protocol. The percentage of cells in S phase was 
determined using flow cytometry. Percentage of cells in S phase was 
compared between the groups (P< 0.001, x^)- the soft agar colony 
formation assay, LNCaP cell lines expressing Abil-wt or Abi1-A363S 
prostate cancer mutation were plated in semisolid soft agar-containing 
RPMI medium and evaluated for colony growth 4 weeks later. At least 10 
images were taken per soft agar plate per cell line. Cell lines were plated 
on the plates in quadruplicates. Number of colonies over a defined size 
(>0.5cm in images taken from agar plates) was scored positive and 
counted per region of interest, n = 3. The total numbers of soft agar 
colonies were scored for syngeneic MEF cell lines lacking Abil expression 
following a 4-week incubation. 

Cell aggregation assay 

LNCaP cells were replated from confluent plates following trypsin and 
ethylenediaminetetraacetic acid treatment. Following dissociation into 
a single-cell suspension, cells were incubated for 5 min in full culture 
medium and seeded onto collagen-coated 8-chamber culture slides (BD 
Biosciences) for 4h, and then evaluated. The cell-to-cell adhesive property 
of cells was scored as the ability of a cell to form three or more cell-to-cell 
contacts (50 cells per sample, n = 3). Observations were carried out using 
a Zeiss 510 META confocal microscope (Carl Zeiss Microscopy, LLC, 
Thornwood, NY, USA). Before replating, cells were labeled with Cell Tracker 
Green CMFDA according to the manufacturer's protocol (Invitrogen, 
cat#C2925). LNCaP cell lines expressing Abil isoform 2 (Abil), Abil 
isoform 2-lacking exon 10 (Abil AExlO) and mock-transfected clones were 
evaluated. The mutant Abil AExlO in the context of Abil isoform 2 is 
identical to Abil isoform 3.^^ 

Xenograft of LNCaP cell lines 

Male Swiss Nude mice (NSWNU-M, Taconic Farms Inc., Hudson, NY, USA) 
(8-10-week-old) were implanted orthotopically with LNCaP cells expressing 
recombinant Abil , Abil-wt (isoform 2) (n = 1 0) or with cells stably transfected 
with control plasmid, mock (n = 9). Tumor growth was monitored by 
evaluation of serum prostate-specific antigen.^^'^^ Tumor burden was 
monitored in accordance with the institutional and NIH guidelines. 

Statistical analysis 

One-way analysis of variance (Figure 2a), two-way analysis of variance 
(Figures 2e and 6b), (Figure 2b) and Student's f-test (Figures 2c, d and 
6c) were used for analyses. P-values<0.05 were considered significant and 
are indicated on graphs as (*), P<0.01(**) and P< 0.001 (***). Error bars 
represent the s.e.m. 
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